INTRODUCTION {#SEC1}
============

Replication fidelity is partially determined by the preference of DNA polymerases (Pols) to form correct G:C and A:T Watson--Crick base pairs. Many factors including hydrogen bonding with the incoming nucleotide ([@B1],[@B2]), minor groove interactions with active site residues ([@B3],[@B4]) and base stacking ([@B5]), affect fidelity to varying degrees among different DNA Pols. The structural basis for the inherent *D*-stereoselectivity of DNA Pols is not as well-defined despite wide-spread use of numerous clinically successful antiviral nucleotide analog reverse transcriptase inhibitors (NRTIs) possessing non-natural *L*-stereochemistry. Two of the NRTIs approved to treat HIV infection are the *L*-deoxycytidine analogs, lamivudine ((-)3TC; (-)-β-*L*-2΄,3΄-dideoxy-3΄-thiacytidine) and its 5-fluorinated derivative, emtricitabine ((-)FTC; (-)-β-*L*-2΄,3΄-dideoxy-5-fluoro-3΄-thiacytidine), which are activated by host kinases to their respective triphosphate forms, (-)3TC-TP and (-)FTC-TP (Figure [1](#F1){ref-type="fig"}). Upon nucleotide incorporation catalyzed by viral reverse transcriptases (RTs), viral DNA synthesis is terminated due to the absence of a 3΄-OH on the deoxyribose moiety of the NRTIs. Interestingly, both lamivudine and emtricitabine have been shown to be more effective at inhibiting HIV-1 RT and less toxic than their *D*-enantiomers ([@B6]--[@B10]).

![Chemical structures of *D*-dCTP, *L*-dCTP, (-)3TC-TP and (-)FTC-TP. *D-*dCTP and *L-*dCTP are the enantiomers of dCTP. (-)3TC-TP and (-)FTC-TP are the biologically active triphosphate forms of lamivudine \[(-)3TC; (-)-β-*L*-2΄,3΄-dideoxy-3΄-thiacytidine\] and emtricitabine \[(-)FTC; (-)-β-*L*-2΄,3΄-dideoxy-5-fluoro-3΄-thiacytidine\], respectively, and analogs of *L*-dCTP.](gkx252fig1){#F1}

Despite the high clinical efficacy of NRTIs, there are often various drug toxicities associated with usage of these analogs. This is not surprising considering DNA Pols and RTs share a common mechanism for nucleotide incorporation and therefore, likely share a similar mechanism of nucleotide selection ([@B11]). For example, NRTI-induced genomic instability and mitochondrial toxicity have been associated with inhibition of human B-family DNA Pols (α, δ and ε) ([@B12]--[@B14]) and human A-family DNA Pol γ (hPolγ) ([@B15],[@B16]), respectively. Furthermore, it is likely that DNA Pols possessing lower fidelity such as those involved in DNA damage repair and lesion bypass are able to incorporate the NRTIs more easily and disrupt DNA replication and therefore, may account for the observed *in vivo* drug toxicities. Consistently, our recent kinetic investigations of NRTI incorporation by human DNA Pols from the X- (DNA damage repair; hPolβ and λ) ([@B17]) and Y-families (DNA lesion bypass; human Pols η, ι, κ and Rev1) ([@B18]) demonstrate that these Pols are more susceptible to inhibition by NRTIs than replicative Pols and in some instances incorporate the NRTIs as efficiently as HIV-1 RT. The increased inhibition and efficiency of NRTI incorporation by the X- and Y-family Pols are likely attributed to the lack of 3΄→5΄ proofreading capability as well as a more flexible active site in each of these damage repair or lesion bypass Pols ([@B17],[@B18]).

Although NRTIs with *L*-stereochemistry possess known drug toxicities associated with the ability of host Pols to incorporate such drugs, only recently has a structural basis for the mechanism of *L*-nucleotide incorporation been investigated. Our recent publications detailing the mechanism of *D-*stereoselectivity for hPolλ ([@B19]) and *Sulfolobus solfataricus* DNA polymerase IV (Dpo4) ([@B20]), model X- and Y-family Pols, respectively, are the first structures to demonstrate the binding and incorporation of *L-*nucleotides and NRTIs with *L*-stereochemistry. Interestingly, hPolλ and Dpo4 utilize different mechanisms to achieve their strong *D*-stereoselectivity of 1.2 × 10^4^ ([@B19]) and 4.4 × 10^4^ ([@B20]), respectively. Dpo4 selects against *L*-stereochemistry by driving an *L*-nucleotide to adopt non-productive triphosphate binding conformations which have moderately longer distances (2.0--4.4 Å) between the α-phosphate of the *L*-nucleotide and the reacting primer 3΄-OH than the distance with a natural *D*-dNTP ([@B20]). In comparison, hPolλ initially binds an *L*-nucleotide in a non-productive mode via unique hydrogen bonds between the side chain of R517 and the *L*-dNTP, thereby forcing the reacting 3΄-OH of the primer and the α-phosphate of the nucleotide to be much farther apart (9.1--9.3 Å) ([@B19]). This non-productive binding mode isomerizes into a productive mode prior to catalysis ([@B19]).

It is unclear if the observed differences in *D-*stereoselectivity between Dpo4 and hPolλ arise due to the evolutionary differences between the Pol families. To examine if Pols from the same family exhibit a conserved mechanism of *D*-stereoselectivity, we have co-crystallized and solved the structures of hPolβ ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), an X-family Pol with high sequence homology to hPolλ, in complex with a single-nucleotide gapped DNA substrate and either *L-*dCTP, (-)3TC-TP or (-)FTC-TP (Figure [1](#F1){ref-type="fig"}) bound at the active site. Furthermore, we measured the incorporation rates and binding affinities of wild-type hPolβ for the various *L*-nucleotides to directly compare with published kinetic studies of hPolλ ([@B19]) and Dpo4 ([@B20]). In addition, we performed similar kinetic assays with an hPolβ R283 to alanine mutant (R283A) to determine if R283 in hPolβ exhibits a similar role in nucleotide selection to the analogous R517 residue in hPolλ. Collectively, these structural and kinetic studies reveal a mechanism of *D*-stereoselectivity for hPolβ that is distinct from either of those described for hPolλ or Dpo4.

MATERIALS AND METHODS {#SEC2}
=====================

Preparation of protein and DNA {#SEC2-1}
------------------------------

Human full-length hPolβ was overexpressed and purified as described previously ([@B21]). DNA oligomers were purchased from Integrated DNA Technologies and were purified by denaturing polyacrylamide gel electrophoresis. Crystallization oligomers consisted of a 16-mer template (5΄-CCGACGGCGCATCAGC-3΄), a 10-mer upstream primer (5΄-GCTGATGCGC-3΄) and a 5-mer downstream 5΄-phosphorylated primer (5΄-pGTCGG-3΄) as described previously ([@B22]). Template, upstream primer and downstream primer crystallization oligos were mixed in a 1:1:1 ratio and annealed by heating to 95°C for 5 min followed by slowly cooling to 4°C to form a 1 mM DNA substrate. The 21-19A-41GT-mer DNA substrate reported earlier was used for kinetic studies and consisted of a 41-mer template, a 21-mer upstream primer and a 19-mer downstream 5΄-phosphorylated primer ([@B17]). To visualize product formation the 21-mer primer of the 21-19A-41GT-mer was radiolabeled with \[γ-^32^P\]ATP and OptiKinase according to the manufacturer\'s protocol, and the unreacted \[γ-^32^P\]ATP was subsequently removed via a Bio-Spin 6 column. The DNA substrate was annealed at a 1:1.25:1.15 ratio of upstream primer to downstream primer to template. The *L*-nucleotides, *L*-dCTP, (-)FTC-TP and (-)3TC-TP were obtained from Jena Bioscience.

Pre-steady-state kinetic assays {#SEC2-2}
-------------------------------

All fast reactions were performed by using a rapid chemical quench-flow apparatus (KinTek), as previously described ([@B17]). Briefly, a pre-incubated solution of full-length wild-type hPolβ or its R283A mutant (300 nM) and 30 nM \[^32^P\]-labeled-21-19A-41GT-mer was mixed with varying concentrations of a nucleotide in buffer L (50 mM Tris-HCl, pH 8.4, 5 mM MgCl~2~, 100 mM NaCl, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol (DTT), 10% glycerol and 0.1 mg/ml bovine serum albumin) at 37°C. After various times, the reaction was stopped with 0.37 M EDTA and analyzed by sequencing gel electrophoresis. Each time course of product formation was fit to a single-exponential equation, \[product\] = *A*\[1 - exp(- *k*~obs~t)\], using KaleidaGraph (Synergy Software) to yield a reaction amplitude (*A*) and an observed rate constant of nucleotide incorporation (*k*~obs~). The *k*~obs~ values were then plotted against nucleotide concentrations and the data were fit to a hyperbolic equation, *k*~obs~ = *k*~p~\[dNTP\]/(\[dNTP\] + *K*~d~), to yield an apparent equilibrium dissociation constant (*K*~d~) and a maximum nucleotide incorporation rate constant (*k*~p~).

hPolβ crystallization and structure determination {#SEC2-3}
-------------------------------------------------

Purified hPolβ was dialyzed into a buffer containing 50 mM sodium acetate (pH 5.5), 75 mM NaCl, 5% glycerol and 0.1 mM DTT and concentrated to 20 mg/ml as described previously ([@B23]). Binary complexes were prepared by mixing purified hPolβ and DNA (1 mM) in a 1:1 ratio at 4°C followed by heating to 35°C and subsequent cooling to room temperature ([@B24]). Binary crystals were obtained by hanging drop vapor diffusion against a reservoir solution containing 50 mM imidazole, pH 7.5, 16--18% PEG3350 and 350 mM sodium acetate ([@B24]). Binary crystals were then seeded into freshly prepared ternary complex solution (hPolβ:DNA, 10 mM CaCl~2~ and 2 mM *L*-dNTP) to obtain pre-catalytic ternary crystals at room temperature as described previously ([@B25]). The resulting pre-catalytic ternary crystals were harvested and transferred briefly to a cryosolution containing 15% ethylene glycol, 50 mM imidazole (pH 7.5), 20% PEG3350, 90 mM sodium acetate before they were flash frozen in liquid nitrogen. X-ray diffraction data were collected using the LRL-CAT beamline facilities at Advance Photon Source, Argonne National Laboratory. X-ray diffraction data were processed using MOSFLM ([@B26]) and structures were solved using the molecular replacement method by PHASER ([@B27]) using a previous structure (PDB code: 4KLD) ([@B22]) in the absence of ligands and solvent molecules as the initial model. Structural refinement was carried out using REFMAC5 ([@B28]). COOT ([@B29]) was used for visualization and model building. Quality of the models was assessed using PROCHECK ([@B30]). Figures were created using PYMOL ([@B31]).

RESULTS {#SEC3}
=======

Pre-steady-state kinetics of wild-type hPolβ-catalyzed *L*-nucleotide incorporation {#SEC3-1}
-----------------------------------------------------------------------------------

To determine how efficiently *L*-nucleotides are bound and incorporated by hPolβ, we performed single-nucleotide incorporation assays to measure a maximum incorporation rate constant (*k*~p~) and an apparent equilibrium dissociation constant (*K*~d~) for *L*-dCTP (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). This pre-steady state kinetic analysis of hPolβ with *L*-dCTP complements our previous work with hPolβ ([@B17]) incorporating (-)3TC-TP and (-)FTC-TP and confirms that each *L*-nucleotide is incorporated slower and with an efficiency (*k*~p~/*K*~d~) two to five orders of magnitude lower than the *k*~p~/*K*~d~ value for *D*-dCTP (Table [1](#tbl1){ref-type="table"}). Unlike hPolλ, which displays a similarly tight nucleotide binding affinity (1/*K*~d~) for *L-*dCTP relative to *D*-dCTP ([@B19]), the *L*-stereochemistry resulted in a 30-fold decrease in nucleotide binding affinity of hPolβ for *L*-dCTP compared to *D*-dCTP (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Surprisingly, the chemical modifications (Figure [1](#F1){ref-type="fig"}) in the sugar rings of (-)3TC-TP and (-)FTC-TP result in significantly different effects on nucleotide binding affinity. While (-)3TC-TP was bound ∼4-fold tighter than *D*-dCTP, the additional fluorination of the base resulted in a 15-fold decrease in nucleotide binding affinity compared to *D-*dCTP (Table [1](#tbl1){ref-type="table"}). Furthermore, hPolβ preferentially incorporated *D*-dCTP over *L*-dCTP with a *D*-stereoselectivity, defined as (*k*~p~/*K*~d~)*~D~*~-dCTP~/(*k*~p~/*K*~d~)*~L~*~-dCTP~, of 2.7 × 10^5^, while the *D*-stereoselectivity was reduced to only 325 and 2900 for the incorporation of (-)3TC-TP and (-)FTC-TP, respectively (Table [1](#tbl1){ref-type="table"}). Thus, the chemical changes in the ribose of (-)3TC-TP and (-)FTC-TP relaxed the *D*-stereoselectivity of hPolβ by 830- and 100-fold, respectively, making these *L*-nucleotide analogs significantly better substrates than *L*-dCTP.

###### Pre-steady-state kinetic parameters for single nucleotide incorporation

  Nucleotide                               *k* ~p~ (s^−1^)     *K* ~d~ (μM)   *k* ~p~/*K*~d~ (μM^−1^s^−1^)   *D*-Stereoselectivity^†^   R*~D~*~-stereoselectivity~^\$^
  ---------------------------------------- ------------------- -------------- ------------------------------ -------------------------- --------------------------------
  Catalyzed by wild-type hPolβ                                                                                                          
  *D*-dCTP\*                               5.02 ± 0.07         0.71 ± 0.04    7.1                                                       
  *L*-dCTP                                 0.00059 ± 0.00002   22 ± 2         2.7 × 10^−5^                   2.6 × 10^5^                
  (-)3TC-TP\*                              0.0039 ± 0.0001     0.18 ± 0.02    2.2 × 10^−2^                   323                        
  (-)FTC-TP\*                              0.027 ± 0.001       11 ± 2         2.5 × 10^−3^                   2.9 × 10^3^                
                                                                                                                                        
  Catalyzed by the R283A mutant of hPolβ                                                                                                
  *D*-dCTP                                 0.39 ± 0.02         41 ± 6         9.5 × 10^−3^                                              
  *L*-dCTP                                 0.00036 ± 0.00006   1110 ± 370     3.2 × 10^−7^                   3.0 × 10^4^                8.7
  (-)3TC-TP                                0.0068 ± 0.0003     17 ± 2         4.0 × 10^−4^                   24                         13
  (-)FTC-TP                                0.0063 ± 0.0002     24 ± 3         2.6 × 10^−4^                   37                         78

An incoming nucleotide was incorporation opposite dG in the single-nucleotide gapped DNA substrate 21-19A-41GT-mer catalyzed by wild-type hPolβ and the R283A mutant of hPolβ at 37°C.

\*Reference 17.

^†^ *D*-stereoselectivity = (*k*~p~*/K*~d~)*~D~*~-dCTP~/(*k*~p~*/K*~d~)*~L~*~-nucleotide~.

^\$^R*~D~*~-stereoselectivity~ is defined as the ratio: (*D*-stereoselectivity of wild-type hPolβ)/(*D*-stereoselectivity of the R283A mutant of hPolβ).

Pre-steady-state kinetics of the mutant R283A of hPolβ-catalyzed *L*-nucleotide incorporation {#SEC3-2}
---------------------------------------------------------------------------------------------

To determine if R283 in hPolβ, analogous to R517 in hPolλ, is critical for incorporation of *L*-nucleotides, we generated the R283A substitution mutant and performed single-nucleotide incorporation assays to investigate the effect of this mutation on the kinetic parameters for incorporation of *D*-dCTP, *L*-dCTP, (-)3TC-TP and (-)FTC-TP (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The mutation resulted in a 13-fold drop in incorporation rate for *D*-dCTP relative to wild-type but only resulted in a small change (0.5- to 4-fold) for the *L*-nucleotides (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Similarly, the R283A mutation resulted in a large 59-fold decrease in nucleotide binding affinity for *D*-dCTP relative to wild-type (Table [1](#tbl1){ref-type="table"}). In addition, the binding of the *L*-nucleotides was affected to varying degrees with *L*-dCTP, (-)3TC-TP and (-)FTC-TP exhibiting 50-, 94- and 2-fold decreases in binding affinity, respectively. These changes resulted in respective decreases in nucleotide incorporation efficiency (*k*~p~/*K*~d~) of 747-, 84-, 55- and 9.6-fold for *D*-dCTP, *L*-dCTP, (-)3TC-TP and (-)FTC-TP (Table [1](#tbl1){ref-type="table"}). As a result, the *D*-stereoselectivity was relaxed relative to wild-type by 8.7-, 13- and 78-fold for *L*-dCTP, (-)3TC-TP and (-)FTC-TP, respectively (Table [1](#tbl1){ref-type="table"}). Although the *D*-stereoselectivity of the R283A mutant of hPolβ is relaxed, the role of R283 in anchoring the thumb domain ([Supplementary Figures S1 and 4](#sup1){ref-type="supplementary-material"}) in the closed conformation upon nucleotide binding via a hydrogen bond with the templating base most likely leads to an overall loss in nucleotide selection upon mutation and thus all nucleotides are bound weakly regardless of their *D*- or *L*-stereochemistry.

Structure of hPolβ with bound DNA and *L-*dCTP {#SEC3-3}
----------------------------------------------

To capture a pre-catalytic ternary complex of hPolβ, DNA and *L*-dCTP (hPolβ•DNA•*L*-dCTP), crystallization was performed in the presence of the non-catalytic metal ion, Ca^2+^ (Figure [2A](#F2){ref-type="fig"}). The pre-catalytic ternary structure of hPolβ•DNA•*L*-dCTP was refined to 1.8 Å ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), and the active site shows well-defined electron density for the incoming *L*-dCTP (Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Similar to the canonical pre-catalytic ternary structure with *D*-dCTP (hPolβ•DNA•*D*-dCTP) (Figure [3A](#F3){ref-type="fig"}), the base of *L*-dCTP was present in the *anti*-conformation and formed three hydrogen bonds (2.7--3.0 Å) with the templating nucleotide dG (Figures [2A](#F2){ref-type="fig"} and [3B](#F3){ref-type="fig"}). Consistent with our earlier structural studies of hPolλ with *L*-nucleotides ([@B19]), the constraint imposed by the *L*-stereochemistry combined with Watson--Crick base pairing caused the sugar ring of *L*-dCTP to rotate 180° relative to *D*-dCTP. Beyond the active site differences, the overall quaternary structure of hPolβ•DNA•*L*-dCTP is very similar to the hPolβ•DNA•*D*-dCTP structure (Figure [4A](#F4){ref-type="fig"}) with an RMSD of 0.76 Å ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Furthermore, in the hPolβ•DNA•*L*-dCTP structure, the dG:*L*-dCTP base pair is sandwiched between the terminal template-primer junction base pair and Helix N of the thumb domain (Figure [2A](#F2){ref-type="fig"}), as is typical for closed conformation structures with a correct incoming nucleotide (Figures [3A](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}) ([@B22]).

![Binding of *L*-nucleotides in the presence of Ca^2+^ within the active site of hPolβ. (**A**) hPolβ•DNA•*L*-dCTP; (**B**) hPolβ•DNA•(-)3TC-TP; and (**C**) hPolβ•DNA•(-)FTC-TP. The *F*~o~-*F*~c~ omit maps (3σ level) for the incoming *L*-nucleotides are illustrated in green. The two template nucleotides, the primer 3΄-terminal nucleotide and active site residues are displayed as sticks. Hydrogen bonds and the distance between the primer 3΄-OH group and the α-phosphorus atom of an incoming *L*-nucleotide are displayed as black dashed lines with the numbers representing the distance in Å. The Ca^2\ +^ and Na^+^ ions are shown as red and light blue spheres, respectively.](gkx252fig2){#F2}

![Metal coordination in pre-catalytic ternary structures of hPolβ. (**A**) hPolβ•DNA•*D*-dCTP (4KLD); (**B**) hPolβ•DNA•*L*-dCTP; (**C**) hPolβ•DNA•(-)3TC-TP; and (**D**) hPolβ•DNA•(-)FTC-TP. Hydrogen bonds between coordinating ligands to the metal ions and the distance between the primer 3΄-OH group and the α-phosphate atom of the incoming nucleotide are displayed as black dashed lines with the numbers indicating the distance in Å. Water molecules (red), Ca^2+^ ions (green) and Na^+^ ions (light blue), are shown as spheres.](gkx252fig3){#F3}

![Structural differences between the binary and ternary structures complexed with either a *D-* or an *L*-nucleotide in the presence of Ca^2+^. (**A**) Superposition of hPolβ•DNA (1BPX), hPolβ•DNA•*D*-dCTP (4KLD) and hPolβ•DNA•*L*-dCTP structures. (**B**) Superposition of hPolβ•DNA (1BPX), hPolβ•DNA•*D*-dCTP (4KLD), hPolβ•DNA•(-)3TC-TP and hPolβ•DNA•(-)FTC-TP structures. (**C** and **D**) Zoomed views of Helix-N conformation adopted in (A) and (B), respectively. (**E** and **F**) Active site differences of structures superimposed in (A) and (B). In (E) and (F) only the templating nucleotide, incoming nucleotide, Y271, F272 and the A-site (M~A~) and B-site (M~B~) metal ions are presented. In (E) both metal sites are occupied by Ca^2+^ ions. In (F) the M~B~ site is occupied by Ca^2+^ for all three structures, while the M~A~ site is occupied by Na^+^ ions for the (-)3TC-TP and (-)FTC-TP structures but is a Ca^2+^ ion in the *D*-dCTP structure.](gkx252fig4){#F4}

The triphosphate moiety of *L*-dCTP was observed in the productive chair-like conformation, similar to the *D*-dCTP structure ([@B22]) and shows similar interactions with the active site divalent metal ions (Figures [2A](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"} and [4E](#F4){ref-type="fig"}). Furthermore, *L*-dCTP exhibits several key active site interactions reminiscent of *D*-dCTP. For example, the side chain of R283 from Helix-N forms a hydrogen bond with the template strand, the side chain of N279 hydrogen bonds with the incoming nucleotide and the side chain of Y271 forms a hydrogen bond with the base of the primer 3΄-terminal nucleotide (Figures [2A](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The only notable structural differences are the side chain rotation of residue F272, the shortening of the hydrogen bond between the backbone carbonyl of F272 and the 3΄-OH of *L*-dCTP, the slight repositioning of the divalent metal ions within the active site and a water molecule that bridges the 3΄-OH of *L*-dCTP and the 3΄-OH of the primer terminal nucleotide (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). These interactions are a direct result of the ribose rotation which causes the 3΄-OH of *L*-dCTP and the 3΄-OH of the primer terminal nucleotide to point toward each other at a distance of 3.9 Å. Surprisingly, the distance between the primer 3΄-OH and the α-phosphate of the incoming nucleotide (3.7 Å) is maintained at a distance similar to the canonical structure of hPolβ•DNA•*D*-dCTP (3.8 Å) despite a potential steric clash between the 3΄-OH of *L*-dCTP and the primer 3΄-OH ([Supplementary Figure S6A and B](#sup1){ref-type="supplementary-material"}).

Structures of hPolβ with bound NRTIs {#SEC3-4}
------------------------------------

The pre-catalytic ternary complexes of hPolβ, DNA and the NRTIs, (-)3TC-TP (hPolβ•DNA•(-)3TC-TP) and (-)FTC-TP (hPolβ•DNA•(-)FTC-TP), were crystallized in the presence of non-catalytic Ca^2+^, as was done for the hPolβ•DNA•*L*-dCTP complex. The structures of hPolβ•DNA•(-)3TC-TP and hPolβ•DNA•(-)FTC-TP were refined to 2.2 and 1.8 Å, respectively ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Within the active site of the hPolβ•DNA•(-)3TC-TP structure, the electron density difference map (*F~o~-F~c~*) for the triphosphate moiety is well-defined but is less evident for the ribose ring and base portion of the nucleotide (Figure [2B](#F2){ref-type="fig"}), while in the active site of the hPolβ•DNA•(-)FTC-TP structure, the electron density difference map (*F~o~-F~c~*) for the entire nucleotide is well-defined (Figure [2C](#F2){ref-type="fig"}). However, both *L*-nucleotides agree well with the 2*F~o~-F~c~* electron density map ([Supplementary Figure S5B and C](#sup1){ref-type="supplementary-material"}). Surprisingly, both *L*-nucleotide analogs exhibited triphosphate moieties in a productive chair-like conformation similar to the *D*-dCTP ([@B22]) and *L*-dCTP structures (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). However, in both structures the thumb domain displays moderate electron density with Helix-N observed in a semi-open conformation (Figure [4](#F4){ref-type="fig"}) that is intermediate to the open and closed conformations observed in the binary ([@B25]) and ternary ([@B22]) complex structures, respectively ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Although many interactions with the incoming nucleotide and triphosphate are maintained in the hPolβ•DNA•(-)3TC-TP and hPolβ•DNA•(-)FTC-TP structures when compared to the *D*-dCTP ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}, RMSD of 1.75 and 1.95 Å, respectively) and *L*-dCTP structures, the hydrogen bond between R283 and the templating nucleotide is absent and the side chain of Y271 forms a hydrogen bond with the template nucleotide, rather than the primer 3΄-terminal nucleotide (Figure [3](#F3){ref-type="fig"}). In addition to these structural changes, (-)FTC-TP forms a non-planar Watson--Crick base pair with the templating dG while (-)3TC-TP does not form a Watson--Crick base pair with any nucleotide. Rather (-)3TC-TP is facing the side chain of R283 at a distance too far to form a hydrogen bond (3.6 Å) but maintains a hydrogen bond with N279 (Figure [2B](#F2){ref-type="fig"}).

Unlike the global conformation of the thumb domain ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), which is intermediate to its position in the binary and the ternary structures, the active sites of the (-)3TC-TP and (-)FTC-TP structures exhibit side chain positions that resemble either the binary or ternary structures. For example, the side chain positions of F272 and D190 are similar to the binary complex while those of D192 and R258 resemble the ternary complex. This mixed active site structure, consisting of both binary and ternary features, disrupts metal ion coordination and causes the primer 3΄-OH, the A-site metal ion and α-phosphate to significantly move (2.4--3.9 Å) relative to the *D-*dCTP structure (Figure [4F](#F4){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). As a result of these movements, the coordination number, distances and geometries were altered for the A-site metal ion and were inconsistent with what is expected for a Ca^2+^ ion and therefore was rather modeled as a Na^+^ ion (Figure [4F](#F4){ref-type="fig"}). Remarkably, the distance from the primer 3΄-OH to the α-phosphate of the nucleotide for (-)FTC-TP (3.4 Å) is comparable to the *L*-dCTP (3.7 Å) and *D*-dCTP (3.8 Å) structures despite the movement of the reacting groups and the altered metal ion geometry (Figure [3](#F3){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). However, the distance between reacting groups for the hPolβ•DNA•(-)3TC-TP structure (4.7 Å) is significantly lengthened compared to the other three nucleotides (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

DISCUSSION {#SEC4}
==========

Comparison to previously characterized *D*-stereoselectivity mechanisms {#SEC4-1}
-----------------------------------------------------------------------

To date, the *D*-stereoselectivity mechanism of hPolλ ([@B19]) and Dpo4 ([@B20]) have been determined as well as the mechanism of drug selectivity of hPolγ ([@B32]). All three studies have demonstrated that these Pols use unique methods to establish *D*-stereochemical selection. Dpo4 achieves *D*-stereoselectivity by forcing the *L*-nucleotides to adopt several non-productive triphosphate conformations ([@B20]). hPolγ selects between (+) and (-)FTC-TP (equivalent to *D*- and *L*-enantiomers) through an altered Watson--Crick geometry, a direct result of the ribose rotation and a steric clash between the modified ribose of (-)FTC-TP and the side chain of Y951 ([@B32]). Interestingly, Y951 of hPolγ is also a selection factor against rNTPs and is analogous to the 'steric gate' residue in DNA Pols ([@B33],[@B34]).

Previously, we identified that X-family hPolλ uses two pathways to incorporate nucleotides with *L*-stereochemistry ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) ([@B19]). Briefly, in Pathway I, the nucleotide is bound in a catalytically incompetent triphosphate conformation ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}, chains I and M) and forms an unusual base pair-like hydrogen bond with the side chain of R517. This is followed by transition to a productive conformation ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}, chains A and E) where the canonical Watson--Crick base pair is formed and the triphosphate adopts the productive chair-like conformation. Alternatively, in Pathway II the nucleotide is directly bound in the catalytically competent conformation ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}, chains A and E). However, the direct binding of an *L*-nucleotide in a productive conformation is much less efficient, as evident by the severely decreased binding and incorporation of the *L*-nucleotides when Pathway I is abolished by mutation of R517 to alanine ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) ([@B19]).

Here, all the structures of hPolβ with the *L*-nucleotides have productive triphosphate binding conformations (Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"} and [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) and the equivalent 'steric gate' tyrosine residue, Y271, does not clash with the ribose of the *L*-nucleotides (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Thus, hPolβ does not utilize either of the selection mechanisms observed with Dpo4 ([@B20]) or hPolγ ([@B32]). It was expected that hPolβ would follow a mechanism of *D*-stereoselectivity similar to that of hPolλ ([@B19]) due to the high degree of sequence, structural, and functional similarity between the C-terminal Polβ-like domain of hPolλ and the full-length hPolβ ([@B35]). However, (-)FTC-TP and *L*-dCTP, in the pre-catalytic ternary structures of hPolβ presented here, bind with Watson--Crick base pairs and productive triphosphate conformations that are very similar to those of hPolλ in chain A and E of Pathway II (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}; [Supplementary Figures S7 and S8](#sup1){ref-type="supplementary-material"}). Interestingly, the hPolβ•DNA•(-)3TC-TP structure in the presence of Ca^2+^ binds a nucleotide in a position reminiscent to that observed in the Chain I/M hPolλ•DNA•(-)3TC-TP structure (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). Despite the similar (-)3TC-TP binding conformation, the base portion of (-)3TC-TP in the hPolβ structure is too far (3.6--4.1 Å) to form a hydrogen bond with R283 (Figure [2B](#F2){ref-type="fig"}), the residue analogous to the critical R517 in hPolλ. This increased distance and failure to form stable hydrogen bonds between (-)3TC-TP and R283 suggests that this Pathway I-like binding conformation of *L*-nucleotides may be unfavorable for hPolβ (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). To test this hypothesis, we performed an analogous pre-steady-state investigation of the R283A mutation (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). We determined that the mutation resulted in a decreased incorporation rate and nucleotide binding affinity for *D*-dCTP and all three *L*-nucleotides (Table [1](#tbl1){ref-type="table"}) and relaxed the *D*-stereoselectivity by 8.7- to 78-fold, relative to wild-type. This is suggestive of an alternative binding mode between the R283A side chain and the *L*-nucleotides similar to that of chain I and M of hPolλ, and that removal of this interaction results in weakened binding affinities and selection for the *L*-nucleotides. However, the R517A mutation in hPolλ resulted in a similar 54-fold decrease in binding affinity for *L*-dCTP compared to wild-type hPolλ, but increased the binding affinity for natural *D*-dCTP by 4-fold ([@B19]). Therefore, the loss of incorporation efficiency for both *D*- and *L*-nucleotides for the R283A mutant of hPolβ suggests that R283 in hPolβ has a different role compared to R517 in hPolλ. Thus, it is likely that the weakened binding affinity and *D*-stereoselectivity observed with the R283A hPolβ mutant are coincidental and arise from an inherent inability to stabilize the closed conformation as evident by the similar drop (50- to 94-fold) in binding affinity for *D*-dCTP, *L*-dCTP and (-)3TC-TP (Table [1](#tbl1){ref-type="table"}). In addition, the absence of binding conformations similar to hPolλ chain I and M in the hPolβ•DNA•(-)FTC-TP and hPolβ•DNA•*L*-dCTP structures suggests that hPolβ uses a mechanism distinct from that of hPolλ. Furthermore, as the major factors allowing hPolλ to select against *L*-stereochemistry are due to the differences between Pathways I and II ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}), a unique and more efficient selection mechanism against *L-*nucleotides must be employed by hPolβ to account for the observed 22-, 7- and 24-fold higher selectivity against *L*-dCTP, (-)3TC-TP and (-)FTC-TP, respectively, when compared to hPolλ ([@B17]).

Structural basis for the *D-*stereoselectivity of hPolβ {#SEC4-2}
-------------------------------------------------------

Unlike hPolλ ([@B36]), nucleotide incorporation by hPolβ requires a large conformational change that results in the N-helix of the thumb domain clasping down on the nascent base pair, effectively securing the reacting groups and optimally positioning them for catalysis ([@B37]). It is widely thought that such conformational changes or differences in nucleotide-bound complexes may act as fidelity checkpoints during single-nucleotide incorporation to preferentially select correct over incorrect nucleotides. However, the exact mechanism by which the conformational changes or differences in conformations of bound complexes affect Pol fidelity has long been debated ([@B11],[@B25],[@B38]--[@B48]). Regardless of the mechanism, it is clear that the closure of the thumb domain is important for efficient nucleotide incorporation ([@B49]) and therefore, it was expected that the conformation of hPolβ would play a role in selecting against nucleotides with *L*-stereochemistry.

Surprisingly, the hPolβ•DNA•*L*-dCTP structure is observed in the closed conformation and seemingly escapes any conformational selection checkpoints. However, several active site rearrangements occur compared to the hPolβ•DNA•*D*-dCTP structure (Figure [3](#F3){ref-type="fig"}, [Supplementary Figures S1 and S10](#sup1){ref-type="supplementary-material"}). Many of the atoms of the incoming *L*-dCTP have been shifted (0.3--1.8 Å, [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}) compared to the respective atoms in the incoming *D*-dCTP of the hPolβ•DNA•*D*-dCTP structure. In addition, the A- and B-site metal ions shift by 0.79 and 0.73 Å, respectively ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). Moreover, similar to the hPolλ•DNA•*L*-dCTP structure ([@B19]), a water molecule is observed bridging the 3΄-OH of *L*-dCTP (2.82 Å) and the primer 3΄-OH (2.62 Å), which likely weakens the ability of the primer 3΄-OH to act as a nucleophile during nucleotide incorporation (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). The ribose rotation also positions the 3΄-OH of *L*-dCTP near the hydrophobic side chain of F272, which results in the side chain rotating slightly from its position in the hPolβ•DNA•*D*-dCTP structure (Figure [4E](#F4){ref-type="fig"}) and likely further weakens the binding of *L*-dCTP. Together, these active site alterations establish the *D*-stereoselectivity of hPolβ and result in an overall decreased nucleotide binding affinity and incorporation rate for *L*-dCTP incorporation (24 μM and 0.00063 s^−1^, respectively, Table [1](#tbl1){ref-type="table"}) compared to the incorporation of natural *D*-dCTP (0.71 μM and 5.02 s^−1^, respectively, Table [1](#tbl1){ref-type="table"}).

Conformational change in the drug selectivity of hPolβ {#SEC4-3}
------------------------------------------------------

While it was unexpected that the large conformational change exhibited by hPolβ would not contribute to the mechanism of *D*-stereoselectivty, the ability of *L*-dCTP to support domain closure can be attributed to a key hydrogen bond between the 3΄-OH of *L*-dCTP and the backbone carbonyl of F272 (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). This hydrogen bond stabilizes the thumb domain in the closed conformation and is similar to that seen in the hPolβ•DNA•*D*-dCTP structure, where the 3΄-OH of *D*-dCTP forms a hydrogen bond with the backbone carbonyl of T273 ([@B22]). Notably, nucleotide binding is known to stabilize the rotation of the F272 side chain to its position in the ternary complex ([@B25]). This rotation results in the disruption of the salt bridge formed between D192 and R258 in the binary complex and allows the side chain of D192 to rotate and bind the catalytic A-site metal ion during the formation of a productive ternary complex ([@B25]).

In contrast, as the NRTIs, (-)3TC-TP and (-)FTC-TP, lack a 3΄-OH and cannot form a hydrogen bond with the N-helix and would not stabilize the closed conformation to the same extent as *L*- and *D*-dCTP ([Supplementary Figure S6C and D](#sup1){ref-type="supplementary-material"}). This is clearly evident by the inability of the thumb domain to fully close in the hPolβ•DNA•(-)3TC-TP and hPolβ•DNA•(-)FTC-TP structures (Figure [4D](#F4){ref-type="fig"}). Furthermore, the geometrical strain induced by the 180° rotation of the ribose results in non-planar ((-)FTC-TP) or absent ((-)3TC-TP) Watson--Crick base pairing between the NRTIs and the templating nucleotide. Thus, it is likely that a combination of these two aspects prohibit full closure of the thumb domain. Notably, the distance between the α-phosphate of the incoming (-)3TC-TP and the primer 3΄-OH (4.7 Å, Figure [3C](#F3){ref-type="fig"} and [Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}) is too large for catalysis to occur and accounts for the reduced incorporation rate (0.0039 s^−1^, Table [1](#tbl1){ref-type="table"}) compared to *D*-dCTP (5.02 s^−1^, Table [1](#tbl1){ref-type="table"}). On the other hand, despite the inability to close fully, the distance between the α-phosphate of the incoming (-)FTC-TP and the primer 3΄-OH (3.4 Å, Figure [3D](#F3){ref-type="fig"} and [Supplementary Figure S6D](#sup1){ref-type="supplementary-material"}) is very similar to the distances observed for both *L*-dCTP (3.7 Å, Figure [3B](#F3){ref-type="fig"}) and *D*-dCTP (3.8 Å, Figure [3A](#F3){ref-type="fig"}) and likely results in the higher observed incorporation rate (0.027 s^−1^, Table [1](#tbl1){ref-type="table"}) compared to (-)3TC-TP.

The inability of the NRTIs to support domain closure would seemingly make these nucleotides worse substrates but this is not the case considering the observed increased binding affinities and incorporation rates of (-)3TC-TP (0.18 μM and 0.0039 s^−1^, respectively, Table [1](#tbl1){ref-type="table"}) and (-)FTC-TP (11 μM and 0.027 s^−1^, respectively, Table [1](#tbl1){ref-type="table"}) compared to *L*-dCTP (24 μM and 0.00063 ± s^−1^, respectively, Table [1](#tbl1){ref-type="table"}). The substitution of the C3΄ atom of *L*-dCTP with a more electron-rich sulfur in the NRTIs accounts for the increased binding affinity through an enhanced stacking interaction with the active site residues, F272 and Y271 ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). Furthermore, the lack of the steric clash between the NRTI 3΄-OH and primer 3΄-OH or Y271 may allow optimal alignment of the reacting groups to occur more readily following full domain closure ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The differences in binding affinities of (-)3TC-TP (0.18 μM, Table [1](#tbl1){ref-type="table"}) and (-)FTC-TP (11 μM, Table [1](#tbl1){ref-type="table"}) are likely associated with the addition of the fluorine group to the cytosine base of (-)FTC-TP. As this fluorine group withdraws electrons from the base, the stacking interaction between the base of (-)FTC-TP and the primer 3΄-terminal base may be weakened and may disfavor the binding of (-)FTC-TP to some degree.

Overall, the structures presented here demonstrate that the mechanism of *D*-stereoselectivity by hPolβ consists of the accumulation of several minor active site rearrangements that ultimately disfavor the binding and incorporation of nucleotides that have *L*-stereochemistry rather than through alternative nucleotide and triphosphate binding modes seen with other polymerases ([@B19],[@B20]). Interestingly, hPolβ exhibits a protein conformational selection against NRTIs that have a sulfur substituted ribose. However, this substitution allows (-)3TC-TP and (-)FTC-TP to escape some of the active site alterations associated with the presence of the 3΄-OH in *L*-dCTP, and therefore these NRTIs are more efficiently incorporated. Without an evident unifying mechanism for *D*-stereoselectivity, it remains necessary to investigate how replicative DNA polymerases or the target of the NRTIs, HIV RT, select against nucleotides with *L-*stereochemistry. Such an investigation would provide valuable insight into novel drug design and potentially limit the cytotoxicity associated with *L-*nucleotide drugs.

ACCESSION NUMBERS {#SEC5}
=================

PDB accession codes: 5U2R (hPolβ•DNA•*L*-dCTP), 5U2S (hPolβ•DNA•(-)3TC-TP) and 5U2T (hPolβ•DNA•(-)FTC-TP).
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